The luteinizing hormone receptor (LHCGR) is necessary for fertility, and genetic mutations cause defects in reproductive development and function. Activating mutations in LHCGR cause familial male-limited precocious puberty (FMPP). We have previously characterized a mouse model (KiLHR D582G ) for FMPP that exhibits the same phenotype of precocious puberty, Leydig cell hyperplasia, and elevated testosterone as boys with the disorder. We observed that KiLHR D582G male mice became infertile by 6 months of age, although sperm count and motility were normal. In this study, we sought to determine the reason for the progressive infertility and the long-term consequences of constant LHCGR signaling. Mating with superovulated females showed that infertile KiLHR D582G mice had functional sperm and normal accessory gland function. Sexual behavior studies revealed that KiLHR D582G mice mounted females, but intromission was brief and ejaculation was not achieved. Histological analysis of the reproductive tract showed unique metaplastic changes resulting in pseudostratified columnar epithelial cells with cilia in the ampulla and chondrocytes in the penile body of the KiLHR D582G mice. The infertile KiLHR D582G exhibited enlarged sinusoids and a decrease in smooth muscle content in the corpora cavernosa of the penile body. However, collagen content was unchanged. Leydig cell adenomas and degenerating seminiferous tubules were seen in 1-year-old KiLHR D582G mice. We conclude that progressive infertility in KiLHR D582G mice is due to sexual dysfunction likely due to functional defects in the penis.
Introduction
The luteinizing hormone receptor (LHCGR) is required for steroidogenesis and gametogenesis in both males and females and is therefore indispensable for fertility. LHCGR is a member of the G proteincoupled receptor family and binds with high affinity to pituitary luteinizing hormone (LH) and the highly homologous placental chorionic gonadotropin (CG) [1, 2] . A characteristic of LHCGR is the large extracellular domain that is sufficient for hormone C The Authors 2017. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved. For permissions, please journals.permissions@oup.com binding [1, 2] . LHCGR present in the interstitial fetal Leydig cells of the testis binds to placental CG to produce testosterone required for male sexual differentiation [3, 4] . Postnatally, LHCGR in the Leydig cells binds LH to produce testosterone required for development of puberty, male secondary sexual characteristics, and spermatogenesis. The established signaling pathway mediated by LHCGR for steroidogenesis is the Gαs/cAMP/PKA pathway. LHCGR-mediated transactivation of the ERK1/2 pathway also modulates steroidogenesis as well as proliferation/survival of Leydig cells [5] [6] [7] [8] [9] .
The critical role of LHCGR in reproduction is highlighted by the large number of naturally occurring mutations and polymorphisms in the luteinizing hormone receptor gene that cause disorders of sexual development and adult reproductive function. Inactivating or loss of function mutations in males cause a range of phenotypes including Leydig cell hypoplasia, male psuedohermaphroditism, hypospadias, and micropenis depending on the severity of the mutation [4, 10, 11] . Activating or gain-of-function mutations resulting in single amino acid replacements in LHCGR are inherited in an autosomal dominant male-limited pattern, although a few sporadic cases have been reported [12, 13] . The germ line mutations result in a rare disorder called familial male-limited precocious puberty (FMPP). Boys with this disorder present with precocious puberty by 3-4 years of age, Leydig cell hyperplasia, rapid virilization, skeletal advancement, and high testosterone levels in the presence of prepubertal LH levels [13] [14] [15] [16] . Female carriers of activating mutations are normal. The mutations are limited to the transmembrane helices of the receptor with the mutation of aspartic acid to glycine at amino acid residue 578 (D578G) in transmembrane helix 6 accounting for 62% of all FMPP cases and 29% of sporadic cases of male-limited precocious puberty [17] . The long-term reproductive consequences of chronic LHCGR activation in these patients have not been reported.
We have developed a mouse model for FMPP (KiLHR  D582G ) by introducing an aspartic acid to glycine mutation at amino acid residue 582 (D582G) which corresponds to the D578G mutation in humans [18] . Heterozygous KiLHR D582G mice exhibit precocious puberty, Leydig cell hyperplasia, and elevated testosterone levels similar to the phenotype seen in FMPP patients. We previously reported that the KiLHR D582G mice become infertile by about 6 months of age despite normal sperm count and motility [18] . The goal of this study is to determine the cause of the progressive infertility and to examine the long-term reproductive consequences of constitutive LHCGR activation. Our results indicate that the infertility is due to sexual dysfunction, and LHCGR activation causes metaplastic changes in the reproductive tract and Leydig cell adenomas in older mice.
Materials and methods

Animal care and treatment
The generation of the KiLHR D582G mouse model was described previously [18] . KiLHR D582G mice (B6129S-Lhcgr tm1.1Pnara /J) will be available from the Jackson Laboratory as JAX#029311. Heterozygous male KiLHR D582G mice and their wild-type (WT) littermates that were used in this investigation were obtained by breeding male KiLHR D582G mice with B6129SF1/J hybrid female mice purchased from Jackson Laboratory. All mice were fed a standard laboratory chow (Purina LabDiet 5008) and tap water, and were maintained on a 12L:12D cycle. Mice were euthanized by CO 2 asphyxiation, and whole blood was collected immediately by cardiac puncture and serum was obtained by centrifugation at 4
• C. Desired tissues were collected, cleaned, and fixed in either Bouin's solution or 10% buffered formalin. The penile body was separated from the glans penis and the cavernosa was isolated after removal of the urethra and nerve bundle under a dissecting microscope and flash-frozen in liquid nitrogen. Animals were bred according to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. All the animal studies were approved by the Institutional Animal Care and Use Committee at Southern Illinois University.
Breeding study
Wild-type (n = 6) and KiLHR D582G (n = 13) males were bred continuously with WT female mice starting at 7 weeks of age. Copulatory plugs were checked in the morning for determination of pregnancy and the age at which mice produced the last plug resulting in a litter was documented. Percent fertility was determined at 8, 12, 16, 20, and 24 weeks of age and was calculated by the number of males that could still produce a plug at that age divided by the total number of male breeders. Mice that did not produce a litter for a period of at least 9 weeks were determined to be infertile. The average litter size was calculated by dividing the total number of pups produced by all breeding males of each genotype by the total number of litters produced during the time period that the mice were fertile.
Mating study
Wild-type females were superovulated by intraperitoneal injection with 5 IU of pregnant mare serum gonadotropin (PMSG, Sigma Chemicals) at noon on day 1, followed by 5 IU of human chorionic gonadotropin (hCG, Ayerst Laboratories) at noon on day 3. Females were paired with WT (n = 6) and KiLHR (n = 5) males 10-12 weeks of age immediately after hCG administration. The females were checked for copulatory plug 20 h later. Females were sacrificed and the entire reproductive tract (including vagina and oviducts) was collected. The uterus was flushed with phosphate-buffered saline (PBS) to observe the presence of sperm, and the oviducts were flushed to collect oocytes. Fertilization of oocytes was determined microscopically by the presence of two pronuclei or second polar body. Plugs were collected and washed in 70% ethanol, air-dried, and weighed. The mating study was repeated with the same male mice and two additional KiLHR D582G mice when they were 20-22 weeks of age.
Sexual behavior study
Sexual behavior of WT (n = 10) and KiLHR D582G (n = 11) males, previously used in the mating studies and additional males 20-27 weeks of age, was measured during a 30-min behavioral test with B6129SF1/J female mice during the dark phase of the 12L:12D cycle. Females were ovariectomized and primed for receptivity by subcutaneous injections of estradiol benzoate 48 h (10 μg/animal) and 24 h (5 μg/animal) before testing, and progesterone (500 μg/animal) 4-7 h before testing. Male mice were individually housed for 1 week prior to use. Each male was placed in a clean cage for 10 min and then presented with a sexually receptive female. Mating was videotaped for 30 min under red light. Videos were quantitatively analyzed using JWatcher V1.0 for the following behaviors: (1) number of mounts, (2) latency (time between the introduction of the female and the first mount or first intromission), (3) number and duration of intromission events (defined as mounting with thrusting), (4) the occurrence of ejaculation. Females were checked for plugs to confirm ejaculation.
Histology and immunohistochemistry
The ampulla and penes were fixed in 10% buffered formalin, and the testes were fixed in Bouins solution. The glans penis was decalcified with 10% HCl for 48 h, and all tissues were embedded in paraffin. hydroxyproline (μg/ml)× 0.2 ml sample weight (mg) . Collagen level (μg/mg) was calculated from the hydroxyproline level by dividing by 0.135, based on hydroxyproline comprising 13.5% of the amino acid content of collagen.
Western blot analysis
Penile cavernosal tissue from eight WT and KiLHR D582G mice (24-25 weeks of age) was minced and sonicated in lysis buffer consisting of 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.15% SDS, 1 mM DTT, 1 mM EDTA, 4 mM sodium flouride, 100 μM sodium orthovanadate, and 50% protease inhibitor cocktail (Sigma Chemicals). Sonication was performed on ice at a power of 4 W with six short bursts of 10 s followed by intervals of 30 s for cooling, and then with four short bursts of 5 s with 30 s intervals for cooling. Samples were centrifuged at 13 000 ×g for 15 min. The supernatant was collected and protein concentration determined using the Coomassie (Bradford) assay kit (Thermo Fisher). Thirty microgram of total protein was resolved on a 10% sodium dodecyl sulfate/polyacrylamide gels and transferred to Immobilon-FL polyvinylidene difluoride membrane (EMD Millipore). The membrane was blocked for 1 h at room temperature in Odyssey blocking buffer (LI-COR Biosciences), and incubated with antirabbit α -SMA (1:500, ab5694, Abcam), and antigoat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:250, AF5718, R&D Systems) overnight at 4
• C with gentle shaking. The membrane was washed four times with PBS/0.1% Tween-20 followed by incubation with donkey antigoat conjugated with Alexa Fluor 680 (1:10000) and donkey antirabbit conjugated with Alexa Fluor 790 (1:10000) secondary antibodies (Invitrogen) for 1 h at room temperature. After four washes in PBS/0.1% Tween-20 and a final wash in PBS, the membrane was scanned using Odyssey CLx Infrared Imaging System. The intensity of the α-SMA and GAPDH bands was quantified using the LI-COR Image Studio 3.1 software. The intensity of the α -SMA band was normalized to the GAPDH band (loading control).
Hormone assays
Serum level of testosterone was measured by enzyme immunoassay (EIA) kit (Cayman Chemical Company, Ann Arbor, MI), and estradiol using the mouse/rat enzyme-linked immunosorbent assay kit (CalBiotech) following the manufacturer's instructions. The lower limit of detection was 3.9 pg/ml for testosterone and 3 pg/ml for estradiol.
Statistical analysis
Data are expressed as mean ± SEM. Statistical significance of differences between genotypes was determined by the Student ttest or two-way analysis of variance (ANOVA) using the Prism 5 software program (GraphPad Software, Inc.). Outliers were identified with the Grubbs test using the online GraphPad software (http://www.graphpad.com/quickcalcs/ Grubbs1.cfm). Data from sexual behavior studies are expressed as median (range) and were analyzed using the Mann-Whitney U-test. P < 0.05 was considered statistically significant.
Results
KiLHR D582G male mice develop progressive infertility but have normal sperm
Due to the complete infertility of the KiLHR D582G female mice [19] , male mutant mice were used to maintain the colony. We previously reported that KiLHR D582G male mice became progressively infertile and are unable to produce litter after about 6 months [18] . To further characterize this infertility, a 6-month breeding study of WT and KiLHR D582G male mice with female B6129SF1/J mice was initiated at 7 weeks of age. Compared to 100% of WT mice that were fertile at 6 months of age, the KiLHR D582G mice displayed a sharp decline in fertility by 4 months of age when only about 30% of mice were fertile and by 6 months only 15% of mice were fertile ( Figure 1A) . Additionally, about 15% of the mice produced no litter. Copulatory plugs were only detected in matings that produced a litter. However, the average number of pups per litter was similar between the genotypes ( Figure 1B ).
To examine sperm production in the infertile mutant males, histological analysis of testis and cauda epididymis from WT and infertile KiLHR D582G mice at 22 weeks of age was performed. Testicular sections showed no apparent differences in the morphology of the seminiferous tubules or germ cell development between the WT and KiLHR D582G mice except that Leydig cell hyperplasia was seen in the KiLHR D582G testis as previously described ( Figure 1C ) [18] . Similarly, no obvious difference in the sperm content in the cauda epididymis was seen ( Figure 1C ). We have previously demonstrated that total sperm count and motility from 24-week-old WT and KiLHR D582G mice were not significantly different [18] .
Infertile KiLHR D582G mice have normal accessory gland function
In light of normal sperm production, we considered other potential causes for the lack of plug formation and infertility. One possibility was accessory gland dysfunction resulting in changes in seminal fluid composition which may prevent copulatory plug formation and affect sperm viability in the ejaculate. The second possibility was the inability of the KiLHR D582G mice to mate. To distinguish between these possibilities, a mating study was performed with 10-12-week-old male mice and superovulated female mice. As shown in Table 1 were no histological changes compared to the WT mice ( Figure 2A ). The only histological difference in the prostate was the presence of myocyte hypertrophy/hyperplasia in the anterior lobe (coagulating gland) of the prostate in 50% of the KiLHR D582G mice examined ( Figure 2A) . Histology of the dorsal and ventral prostate was normal (data not shown). Together, these results suggest that the progressive infertility of the KiLHR D582G mice is likely due to an inability to successfully copulate.
KiLHR D582G males have sexual dysfunction
To further investigate the unsuccessful mating of the KiLHR D582G mice, a sexual behavior study was performed. Wild-type and KiLHR D582G males previously used in the mating study and additional mice, 20-27 weeks of age, were paired with hormonally primed ovariectomized adult females and videotaped for 30 min (Table 2) . A quantitative analysis of the taped footage showed that all the WT mice mounted the female mice, followed by intromission and successful ejaculation that was confirmed by the presence of a plug. All of the KiLHR D582G mice exhibited mounting behavior; however, the latency to the first mount was significantly longer compared to the WT mice. With the exception of one male, the KiLHR D582G males showed mounting with thrusting (intromission)
behavior. The number of intromission events was similar between the genotypes, but the latency to the first intromission was longer. The duration of intromission was significantly shorter (2.6-fold) in the KiLHR D582G males compared to WT and none of the intromission events resulted in ejaculation and plug formation, suggesting an erectile/ejaculatory dysfunction in the KiLHR D582G mice.
KiLHR D582G mice have normal levels of estradiol
Previous studies have demonstrated that high estrogen exposure during the neonatal period results in penile dysfunction and infertility [20, 21] . Since KiLHR D582G mice have high serum levels of testosterone as early as 7 days of age [18] , which could be aromatized to estradiol, we measured serum levels of estradiol from 1 week to 1 year. There was no difference in hormone levels between WT and KiLHR D582G mice at any age ( Figure 2B ). Metaplastic changes in the reproductive tract of infertile KiLHR D582G mice
Histological examination of the region of the reproductive tract wherein the vas deferens ends in the ampulla showed that the ampulla of WT mice was lined with low cuboidal cells. In contrast, the ampulla of the KiLHR D582G mice was dilated and lined with tall pseudostratified columnar hyperplastic epithelial cells with cilia ( Figure 3 ). The ampulla often contained sperm-rich coagulum. The lumen of the membranous urethra was visibly open. A temporal evaluation of the ampulla showed that the pseudostratified columnar metaplasia was evident as early as 7-8 weeks of age and persisted at 1 year. Sperm accumulation and dilation of the ampulla was not apparent at 7-8 and 12 weeks of age, but was present at 1 year of age. To determine if these cellular changes were directly mediated by LHCGR, immunohistochemical analysis of ampulla sections with antibody against LHCGR was performed. Specific staining in WT or KiLHR D582G mice was not detected (data not shown).
Gross morphology of the penis of KiLHR D582G mice showed a dark red appearance compared to the pink coloration of the WT penis ( Figure 4A ). The mouse penis consists of a body penis proximally and glans penis distally that connect at a right angle bend of the urethra. Histological examination of the glans penis did not show an apparent difference in the corpus cavernosum, urethra, or epithelium ( Figure 4B ). The erectile tissue of the body penis consists of paired corpora cavernosa located dorsolateral to the urethra and a corpus spongiosum that is located ventrally and surrounds the urethra ( Figure 4B ). The corpora cavernosa contains endothelial lined sinusoids separated by trabeculae composed of bundles of smooth muscle in a matrix of collagen, elastin fibers, and fibroblasts. The penis is surrounded by a thick connective capsule called the tunica albuginea. Examination of the penile body showed enlarged sinusoids and multifocal chondrocyte metaplasia in the KiLHR D582G mice ( Figure 4B ).
Further studies showed that a few chondrocytes could be detected at 7-8 weeks of age, but are easily detected at 12 weeks of age in the KiLHR D582G mice ( Figure 4C ). The severity of the metaplastic change increased in the infertile mice at 20-27 weeks of age, but not significantly between this age and 1 year. A few chondrocytes were apparent in the penile body of one of the 1-year-old WT mice examined. Penile weights were similar between genotypes at all ages examined ( Figure 4D )
. Longitudinal sections of the penis indicated an open penile urethral lumen (data not shown).
To further confirm the presence of the chondrocytes, immunohistochemical analysis was performed with antibodies against chondrocyte specific markers, collagen type II (COLII), and SOX9. Chondrocytes secrete type II collagen and SOX9 is required for the differentiation of chondrocytes from mesenchymal stem cells and for the production of type II collagen. Positive COLII staining was clearly seen in the matrix surrounding the chondrocytes ( Figure 5) . Surprisingly, nuclei of fibroblast cells in the trabeculae of WT mice stained positive for SOX9. Not all cells were stained, indicating that there may be two populations of cells in the trabeculae; SOX9 positive and SOX9 negative. Similarly, SOX9 positive and negative cells were detected in the trabeculae of the KiLHR D582G mice. In addition, the nuclei of chondrocytes stained positively for SOX9 confirming their identity. To determine if the metaplastic changes are due to a direct effect of LHCGR activation and/or testosterone action, penile sections were stained with antibodies against LHCGR and the AR. Positive LHCGR staining in the cytoplasm of chondrocytes was seen in the KiLHR D582G mice, but no staining was detected in the WT mice. Androgen receptor positive staining was seen in the nuclei of fibroblasts in the WT mice and in the fibroblasts and chondrocytes in the KiLHR D582G mice. Smooth muscle content is decreased in the corpora cavernosa of KiLHR D582G mice
We hypothesized that the sexual dysfunction seen in the infertile KiLHR D582G mice was due to changes in the collagen and smooth muscle content of the penile body. Studies have shown that erectile dysfunction is most commonly caused by penile fibrosis and is associated with a decrease in smooth muscle and increase in collagen content making the tissue less compliant [22] . To evaluate collagen content, sections of the penile body were stained with Masson trichrome, and the blue collagen-stained area in the corpus cavernosa was quantified using Image J. There was no apparent difference in the stained area in the histological sections of WT and infertile KiLHR D582G mice ( Figure 6A ) and quantification confirmed this observation ( Figure 6B ). Collagen content of the cavernosa was also quantified by the hydroxyproline assay and was not significantly different between the genotypes ( Figure 6C ). Sections stained with an antibody against α-SMA showed an apparent decrease in specific staining in the KiLHR D582G corpora cavernosa compared to WT ( Figure 6D ). Quantification of the stained area in the corpora cavernosa using Image J showed a reduction in the area of positive staining that approached significance (P = 0.054) ( Figure 6E ). Western blot analysis was performed to quantify α-SMA levels in the cavernosa using GAPDH as the internal control ( Figure 6F ). Quantification of band intensity of α-SMA relative to GAPDH showed a decrease in α-SMA levels ( Figure 6G ), indicating a reduction in smooth muscle content in the penile body of KiLHR D582G mice.
KiLHR D582G mice develop testicular adenomas at 1 year of age
To determine the long-term effects of the activating LHCGR mutation, we examined the testosterone levels and gonadal phenotype of 1-year-old mice. Serum levels of testosterone ( Figure 7A ) and seminal vesicle weights ( Figure 7B ) remained elevated in the 1-year-old KiLHR D582G mice. Epididymal histology showed oligo or azoospermia in KiLHR D582G mice that exhibited seminiferous tubule degeneration in the testis ( Figure 7C ). Granulomatous inflammation was observed in the corpus and caput epididymis in two of the mice ( Figure 7C ). Epididymides from WT mice showed normal histology. Examination of the testicular histology showed a continuous spectrum from multifocal Leydig cell hyperplasia, in four out of seven KiLHR D582G mice examined, to Leydig cell adenoma in three out of seven of the KiLHR D582G mice ( Figure 7D ). The Leydig cell adenoma was characterized by the proliferation of Leydig cells that form a mass larger than three seminiferous tubules in diameter and compressed the adjacent normal tissue. Hypertrophy of the Leydig cells was also seen. Degeneration of the seminiferous tubules adjacent to the hyperplasia or adenoma was apparent and many tubules presented with a Sertoli only phenotype. Spermatocele with a cystic dilation of the rete testis was also seen in two KiLHR D582G mice (data not shown). Further characterization of the Leydig cell hyperplasia/adenoma was performed by immunohistochemistry with an antibody against the Leydig cell marker, HSD3B1. Specific expression was seen in the interstitium of testis sections from WT mice and in the areas of hyperplasia and adenoma in the sections of KiLHR D582G mice ( Figure 7E ). Expression of SOX9, a Sertoli cell marker, was seen in the seminiferous tubules but not in the Leydig cells of the hyperplasia or adenoma, indicating that these were of Leydig cell origin. Specific staining with PCNA, a marker of cell proliferation, was seen in the spermatogonia of WT mice, but not in the degenerating seminiferous tubules of the KiLHR D582G mice.
Positive PCNA staining in the areas of hyperplasia and adenoma indicated a moderate level of proliferation. Together, these results suggest that the KiLHR D582G mice develop Leydig cell adenomas, capable of steroidogenesis, as they age.
Discussion
Chronic activation of LHCGR due to a gain-of-function mutation causes progressive infertility and Leydig cell adenomas in male mice. The infertile mice have normal accessory gland function and normal production of functional sperm capable of fertilizing oocytes. The infertile KiLHR D582G mice however fail to copulate with females due to an inability to successfully initiate and/or maintain penile intromission and subsequent ejaculation. In addition, a decrease in the smooth muscle, required for erectile function, in the corpora cavernosa of the penile body of KiLHR D582G mice was observed.
Together, these results suggest that the primary reason for the progressive infertility is erectile/ejaculatory dysfunction. Mouse male sexual behavior is characterized by precopulatory and copulatory behavior [23] . The precopulatory or motivational behaviors include ultrasonic vocalizations, urine marking, latency to approach a sexually receptive female, and preference for females or their odors. Copulatory or performance behavior is characterized by mounting, intromissions, and ejaculation. Our data indicate that copulatory behavior is affected in the KiLHR D582G mice. The increased latency to the first intromission and significant decrease in the duration of intromission in the KiLHR D582G mice suggest that they are unable to either achieve or sustain an erection, and we posit that lack of ejaculation is secondary to the erectile dysfunction. We cannot rule out the possibility that ejaculation may be achieved by the KiLHR D582G mice over a longer test period. Since it is difficult to directly observe the erectile response during the sexual behavior studies in mice, we cannot definitively distinguish between erectile versus ejaculatory dysfunction. Measurements of intracavernosal pressure in response to pelvic nerve stimulation are required to confirm erectile dysfunction. We did not measure motivational behavior in the KiLHR D582G mice, but the increased latency to mounting suggests that motivational behavior may be affected. Steroid hormones are important for the organizational effects of male mouse sexual behavior during development and for the activational effects in the adult. Sexual differentiation or masculinization of the male brain controls adult male-specific sexual behavior and is thought to depend on the aromatization of testosterone to estradiol in the brain during the critical perinatal period [24] [25] [26] . In mice, testosterone is secreted from the testis at late embryonic stage, reaching a peak at E18 and remains high at birth [27] . Studies in castrated mice and in mice lacking either aromatase (ArKO), estrogen receptor α or β (ERKO), androgen receptor (ARKO), and Tfm mice, with a spontaneous mutation in the AR gene, suggest that estrogens and androgens are important for organizational effects of male sexual behavior [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . The extent to which aromatization of testosterone in the brain is required for the organizational effects of male sexual behavior varies between species. In mice, developmental actions of estrogen are not an absolute requirement for adult male copulatory behavior [23] .The requirement of steroid hormones for the activational effects on male adult sexual behavior is established [38] . Castration diminishes sexual behavior and testosterone is more efficient than dihydrotestosterone or estradiol in rescuing copulatory behavior [23] .
While the studies discussed above address the consequences of lack of testosterone/estradiol on sexual function, the effect of supraphysiological levels of steroids during development and in the adult, as seen in KiLHR D582G mice, is not known. Testosterone treatment of mice with intact testes on postnatal 1 or 3 to produce transient high levels of testosterone either had no effect or caused males to engage in sexual behavior sooner and more frequently than controls, depending on the strain of mice used [23, 39] . Although our current evidence suggests that the sexual dysfunction in KiLHR D582G mice is primarily due to functional changes in the penis, we cannot rule out effects in the central nervous system. Functional LHCGR is expressed in the mouse brain and colocalized with cytochrome P450 side chain cleavage enzyme suggesting that the receptor could regulate steroid synthesis in the brain [40] . LHCGR mRNA was detected in the brain of KiLHR D582G mice [18] , but we have not examined protein expression. An unexpected finding in this study was the metaplastic changes observed in the ampulla and the penile body of the KiLHR D582G mice. The pseudostratified columnar epithelium with cilia is similar to the epithelium in the vas deferens and suggests that the ampulla has undergone a metaplastic transformation from simple cuboidal to a vas deferens type epithelium. This is a unique observation and has not been previously described in the literature. The ampulla of the infertile KiLHR D582G mice at 20-27 weeks of age was enlarged and contained sperm-rich coagulum. Since these mice were dissected the morning after the sexual behavior studies, we believe that sperm accumulation is the result of lack of ejaculation during the behavior studies rather than a blockage in the ampulla. Consistent with this conclusion is the observation that sperm was absent in the ampulla of younger (7-12 weeks) KiLHR D582G mice which had pseudostratified columnar epithelium. It seems unlikely that these changes in the ampulla contribute to the infertility as the majority of 8-week-old mice are fertile. Additionally, the lumen of the membranous and penile urethra was open indicating that there is no blockage in the urethra. However, a functional defect in the urethra that inhibits the flow of seminal fluid cannot be ruled out. Immunohistochemical analysis did not detect LHCGR in the ampulla of WT or KiLHR D582G mice suggesting that the changes are not due to a direct activation of the receptor in the ampulla. A similar phenotype of distension and sperm accumulation in the distal vas deferens was seen in transgenic mice overexpressing hCG [41] . These mice had high levels of testosterone, were infertile, and plugs were not observed when they were mated with PMSG-treated females, even though normal sperm was observed in the cauda epididymis. The authors of this study proposed that infertility was due to altered reproductive behavior or abnormal function or anatomy of the accessory glands or urethra.
However, they did not determine if copulatory behavior was affected in the transgenic mice. The presence of chondrocytes in the penis was surprising and their origin is unclear. A similar phenotype of chondroid metaplasia in the penis was seen in a mouse model of Peyronie's disease. These mice (tight skin, Tsk) had a mutation in the fibrilin-1 gene and exhibited features of Peyronie's disease including fibrous plaque formation in the tunica of the penile body [42] . Erection is caused by a relaxation of smooth muscle in the trabeculae and in the arteries supplying the penis [43] . Therefore, the loss of smooth muscle cells and chondrocyte metaplasia can reduce the elasticity of the corpus cavernosum and contribute to erectile dysfunction in the KiLHR D582G mice. The presence of a few chondrocytes in one of the WT mice suggests that it may be an age-related cellular transformation. Whether the cellular changes in the penis are mediated directly by LHCGR or indirectly by androgens remains to be determined. LHCGR protein was reported to be expressed in the penis of BALB/c mice by immunohistochemistry and western blot analysis [44] . We were unable to detect LHCGR expression by immunohistochemistry in the WT mice, but detected expression only in the chondrocytes of the KiLHR D582G but not in any other cell type. However, we do not know if the receptor is functional. The presence of SOX9-positive and SOX9-negative population of cells in the trabeculae of WT and KiLHR D582 is intriguing. SOX9
is essential for the differentiation of chondrocytes from mesenchymal stem cells and is highly expressed in differentiated chondrocytes [45] . It is tempting to speculate that the SOX9 positive cells represent a stem cell population that has the potential to differentiate into chondrocytes. Since these cells also appear to express AR, perhaps the high levels of testosterone in KiLHR D582G mice can induce differentiation of SOX9-positive cells to chondrocytes. However, additional colocalization studies with stem cell and fibroblast markers are required to further characterize these cells. KiLHR D582G mice exhibit a continuum from Leydig cell hyperplasia to Leydig cell adenomas as the animals age. Atrophy of seminiferous tubules adjacent to the hyperplasia and adenomas results in oligo or azoospermia in the epididymis of KiLHR D582G mice. Prolonged exposure to elevated levels of LH causes Leydig cell hyperplasia and adenomas in rats [46] . Transgenic mice expressing hCG develop Leydig cell hyperplasia but not adenomas even in older animals [41, 47] . Surprisingly, in this model, adenomas of fetal Leydig cell origin develop at prepubertal ages [48] . The reason for this is not understood. In humans, only the somatic D578H mutation has been associated with adenomas in young boys, where the mutation was limited to the adenoma and not found in surrounding normal tissue [49] [50] [51] [52] [53] [54] [55] , and in one case of a boy with nodular hyperplasia [56] . An FMPP patient with a D578G mutation was reported to develop a seminoma at 35 years of age [57] and a second FMPP patient with a D564G mutation developed nodular hyperplasia at 10 years of age [58] . In summary, our studies show that activating mutations in LHCGR cause sexual dysfunction, and KiLHR D582G mice are a potential model for studying erectile/ejaculatory dysfunction. Unexpected metaplastic changes in the ampulla and penis and decrease in the smooth muscle content of the penis may contribute to the sexual dysfunction. There are inadequate reports on the long-term reproductive health of FMPP patients as they age. Our studies on the KiLHRD 582G mice suggest that older FMPP patients may be susceptible to sexual dysfunction and Leydig cell tumors.
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